We have examined the modification of responses to transmitter during the reformation of a specific synapse by identified leech neurons in culture. Single pressure-sensitive mechanosensory (P) neurons in culture and the soma of this cell in vivo have 2 conductances that are activated by application of 5-HT: a Cl conductance and a monovalent cation conductance (gCation,); synaptic release of 5-HT by a serotoninergic Retzius cell in vivo and in culture activates only the Cl conductance and not gCation, in the P cell. We have characterized the loss of gCation, in P cells by manipulating the culture conditions.
When 5-HT was applied from a pipette, innervated P cells and P cells paired with Retzius cells that had not formed synapses had a gCation, that was markedly reduced compared with gCation, in the single P cell. When 5-HT was included in the culture medium in which single P cells were grown, gCation, was not reduced. When Retzius-P cell pairs were treated with reserpine, which was shown to deplete the presynaptic neuron of 5-HT, gCation, in the P cell was as low as in untreated pairs. Pairing aldehyde-fixed Retrius cells with untreated P cells also resulted in the loss of gCation,.
The Retrius cell had both types of receptors, but synapse formation did not affect gCation, in the presynaptic neuron.
The results demonstrate that the loss of the nonsynaptic response of the P cell to transmitter is due to contact between the neurons rather than to the release of transmitter or trophic factors. We suggest that contact-mediated loss of counter-effective receptors may be a prelude to synapse
In contrast to the wealth of information about the changes in properties (Katz and Miledi, 1972; Neher and Sakmann, 1976) distribution (Fambrough, 1979) and structure (Mishina et al., 1986) of ACh receptors in muscle cells, little is known about changes in neuronal receptor properties during synapse formation. Some receptors appear and others disappear at different developmental stages in grasshopper (Goodman and Spitzer, 1979) and Xenopus neurons (Bixby and Spitzer, 1982) . It is known from studies of the well-characterized cells of invertebrates that mature neurons can have multiple subtypes of receptors for the same transmitter (Gerschenfeld, 1973) yet often only a single subtype may be present at some postsynaptic sites (Gerschenfeld and Paupardin-Tritsch, 1974) . For example, application of 5-HT to the soma (devoid of serotoninergic synapses) of a pressure-sensitive mechanosensory (P) neuron of the leech elicits a biphasic response: depolarization followed by a desensitizing Cl-dependent hyperpolarization (Henderson, 1983) . When 5-HT is released synaptically by a Retzius cell only Cldependent postsynaptic potentials are observed (Fuchs et al., 1982) .
How the selection of receptor subtypes comes about during the development of the nervous system is unknown. In order to circumvent many of the problems associated with studying synaptogenesis in vivo, identified leech neurons have been removed and grown in tissue culture, where they reform specific synapses when paired with appropriate partners (Ready and Nicholls, 1979) . Retzius cells from the leech reinnervate P cells in culture as shown by biochemical, morphological, and electrophysiological criteria (Nicholls, 1987) . We have demonstrated ) that the P cell in culture has 2 conductances activated by 5-HT: a Cl conductance @Cl,) and a nonselective monovalent cation conductance @Cation,); only gC1, is activated when 5-HT is released synaptically by a Retzius cell. These observations show that reinnervation of the P cell in culture mimics precisely the situation in situ, i.e., to the level of choosing the correct 5-HT receptor subtype.
We have examined the ionic conductances activated by 5-HT application onto single and paired Retzius and P cells in culture in order to determine the effects of synapse formation on the responses to 5-HT in these neurons. By modifying the conditions under which the neurons were grown, we observed that gCation, (the nonsynaptic response to 5-HT) was reduced selectively in the target cell in a process that depended on contact between the neurons. Brief reports of these results have appeared elsewhere (Drapeau and Sanchez-Armass, 1987; Sanchez-Armass and Drapeau, 1988) .
Materials and Methods
Cultures. Retzius and P cells were isolated from the nervous system of the leech Hirudo medicinalis (purchased from Ricarimpex, Audenge, France) and cultured as described previously (Dietzel et al., 1986) . De-sheathed ganglia were exposed to collagenase (Type XI, Sigma) and the somas of the easily identified Retzius and P neurons were removed by aspiration into a micropipette.
The cells were plated singly or in pairs in the wells of polylysine-coated microtest culture dishes containing Leibovitz-15 medium (L-15) supplemented with 2% heat-inactivated fetal bovine serum (FBS; Gibco Canada, Burlington, Ontario). Under these conditions, the cells usually did not extend neurites (better for voltage clamping; see Dietzel et al., 1986; Drapeau and Sanchez-Armass, 1988 ) and formed synapses after Retzius and P cell somas were juxtaposed during plating. Most experiments were performed 7-10 d following plating.
In some experiments, 5-HT (100 PM) or reserpine (1 PM diluted from a 500 PM stock solution dissolved in methanol) were added to the culture media for the 7-10 d incubation period. The stability of 5-HT in the supplemented culture media throughout the incubation period was ascertained by reverse-phase HPLC Ruorometry as described previously (Anderson et al., 1987) . The effectiveness of the reserpine treatment in depleting the Retzius cells of 5-HT was determined by immunocytochemical staining of control and reserpine-treated cells using a monoclonal antibody specific for aldehyde-modified 5-HT (Consolazione et al., 198 1) .(gift of Dr. A. C. Cuello). We have used this monoclonal antibody previously to localize 5-HT in fixed Retzius cells in culture at the electron microscopic level (Kuffler et al., 1987) . Cells were washed with 0.165 M PBS and were fixed for 15 min in PBS containing 4% paraformaldehyde.
The cells were permeabilized by rinsing with PBS containing 0.1% of the detergent Triton X-100 and treated for 1 hr with the monoclonal antibody dissolved in the same solution. The dishes were then rinsed with 0.1% T&on/PBS and a secondary antibody (goat anti-rat IgG conjugated to fluorescein isothiocyanate; Sigma) dissolved in the same solution was added for 1 hr. The dishes were rinsed with detergent-free PBS and a glycerol-ethylene diamine mounting solution was added. The cells were photographed using a Leitz fluorescence microscope.
In one series of experiments, Retzius cells were fixed for 30 min in 0.4% (wt/vol) oaraformaldehvde/0.6% alutaraldehvde dissolved in PBS , .
or in lo-, 30-, or loo-fold dilutions of this fixative. The fixed Retzius cells were transferred at 10 min intervals into 3 (serial) droplets of L-15 in order to remove the aldehydes before being paired with untreated P cells in culture as described above.
Recordings. Action potentials were evoked in cultured Retzius cells by passing current through the recording microelectrode using a bridge circuit. Retzius and P cells in culture were voltage-clamped with a single microelectrode (4 M Cs acetate) using a sample-and-hold amplifier (Axoclamp 2a, Axon Instruments, Burlingame, CA) and were superfused continuously, as described previously (Drapeau and Sanchez-Armass, 1988a) 
Results

5-HT-activated currents in single Retzius and P cells
Application of 5-HT depolarizes both the P cell (Henderson, 1983) and Retzius cell (Erwin and Theis, 1975) and in addition induces a slower, Cl-dependent hyperpolarization of both neurons in situ (Walker and Smith, 1973; Henderson, 1983) . The results shown in Figures 1 and 2 demonstrate that both the single Retzius cell and P cell in culture had a gC1, and a gCation,, as shown previously for the P cell Fuchs et al., 198 l) , as seen in the plots of peak Z versus V in Figure 1 , C and F (open circles). The Z-l' relationships showed slight outward rectification.
The average values f SEM of gC1, (chord conductance at -20 mV) were 43.0 + 5.7 nS (n = 15) and 19.3 + 4.1 nS (n = 7) for the Retzius and P cell, respectively. gC1, underlies the P cell response to synaptic release of 5-HT by the Retzius cell when the neurons are paired in culture ) and in viva (Fuchs et al., 1982) .
In order to determine the specificity of the 5-HT-activated conductance, the Retzius cell was tested as shown in Figure 2 . The traces in Figure 2A show that the response to pipette application of 5-HT of a single Retzius cell superfused with TrisCl solution was blocked reversibly by a high concentration of CYP, a 5-HT antagonist in the leech (Sawada and Coggeshall, 1976) , and by the Cl channel blockers 9-AC (Bryant and MoralesAguilera, 197 1) and SITS (Knauf and Rothstein, 197 1) . Similar results with CYP, 9-AC, and SITS have been reported previously for gC1, in the single P cell in culture . gcation,. Figure 1 , B and E, shows currents recorded in single P cells and Retzius cells, respectively, superfused with Na+K SO, solution (Cl substituted with impermeant SO,) in order to isolate gCation, (see Drapeau and Sanchez-Armass, 1988) . The current activated by application of 5-HT was inward at hyperpolarized potentials and reversed at 14.7 + 4.4 mV (n = 7) for the Retzius cell and at 5.3 f 2.9 mV (n = 9) for the P cell (filled circles, Fig. 1 , C', F). As shown previously for the P cell , gCation, in the Retzius cell did not require divalent cations, and omission of the K channel blocker DAP from the Na+K SO, solution had no effect on the 5-HT-dependent current recorded (not shown). Assuming identical Na and K gradients for both cells, the more positive reversal potential for the Retzius cell response would suggest that gCation, is more selective for Na in this cell compared with the P cell. gCation,was9.6? 1.4nS(n=13)and11.5* 1.5nS(n=16) for the Retzius and P cell, respectively, and was lower than gC1, in both cells. CYP (but not 9-AC) also blocked gCation,, as shown in Figure 2B for a Retzius cell in Na+K SO, solution and shown previously for the P cell (Drapeau and SanchezArmass, 1988 ).
Responses of innervated cells to 5-HT gCls. Synaptic release of 5-HT upon firing of an action potential in a Retzius cell was shown to activate gC1, (Figs. 3A, 4A ) but not gCation, in the P cell . The upper traces of the pairs of recordings in Figure 3B show that when 5-HT was applied from a pipette both synaptic partners had a gC1, that was lower than that observed with single cells. gC1, was 8.0 & 2.7 nS (n = 9) for paired P cells and was 19.3 ? 4.1 nS (n =7) for the single P cell (see Fig. 4 ). These results are consistent with the conclusion that gC1, is clustered at postsynaptic sites and that there is a synaptic diffusional barrier to applied 5-HT (Drapeau and Sanchez-At-mass, 1988) . For Retzius cells, gC1, was 11.0 f 2.5 nS (n = 9) for the paired cell and 43.0 + 5.7 nS (n = 15) for the single cell.
gcation,. gCation, in innervated P cells was not activated by synaptic release of 5-HT as determined by the similarity of the reversal potentials for the postsynaptic current and gC1, or by complete block of the synaptic response by 9-AC ( Fig. 4B and Drapeau and Sanchez-Armass, 1988a) . The lower traces of the pairs of recordings in Figure 3B show that when 5-HT was applied from a pipette, gCation, was markedly reduced in the P cell following synapse formation (2.5 & 0.6 nS, n = 11, for paired P cell compared with 11.5 * 1.5 nS, n = 16 for single P cell-see Figs 1B and 4B). In contrast to the results with the P cell, gCation, in the Retzius cell was not reduced following synapse formation (12.0 -+ 3.7 nS, n = 7, for the paired Retzius cell compared with 9.6 f 1.4 nS, n = 13, for the single Retzius cell; see Fig. 1E ).
Efects of pairing without innervation
We examined whether the changes in conductances observed in the target P cell required the formation of a synapse. To do this, innervated P cells were compared with P cells paired with a Retzius cell that had not formed synapses, i.e., uninnervated P cells. gC1, and gCation, were determined for the P cells and the results are plotted in Figure 4 . As shown in Figure 4A , pipette application of 5-HT onto uninnervated P cells elicited a gC1, that was not significantly lower than observed in single P cells. In contrast to the results with gCl,, gCation, in uninnervated P cells was completely absent in one-third (7120) and was markedly reduced in the rest of the P cells tested (pooled data plotted as upper stippled bar, Fig. 4B ). This suggests that the reduction of postsynaptic gCation, preceded synapse formation.
Effects of 5-HT
We examined whether the secretion of transmitter, even in the absence of detectable synaptic release, was necessary for the postsynaptic reduction of gcation,. Single P cells were incubated in the presence of 100 at -20 mV and superfused in TrisCl solution. 5-HT was applied from a pipette for the first 200 msec of the recording. The superfusion solution was changed to one containing either 100 PM CYP, 9-AC, or SITS, and S-HT was applied about 30 set later. The cell was superfused with drug-free solution, and a control 5-HT pulse was applied between each drug test. B, Retzius cell was voltage-clamped at -90 mV and was superfused with Na+K SO, solutions (containing 100 FM 9-AC) without CYP (control: Jirst and third truces) or with 100 PM CYP present (second truce), and 5-HT was applied as described above. The current traces were superimposed at the beginning of the recordings.
5-HT rendered the P cell insensitive to 5-HT application when tested in TrisCl solution. This was likely due to desensitization ofgC1, (Henderson, 1983) . However, incubation with 5-HT did not affect the magnitude of gCation, Thus, incubation of a single P cell with 5-HT resulted in the opposite effect of synapse formation: reduction of ~$1, without the loss of gCation,.
gC1, was insignificantly lower in the P cells (cross-hatched bar, Fig. 4A ) compared with the level observed with untreated paired (uninnervated) neurons. In contrast, P cells coupled with fixed Retzius cells had as low a level of gCation, (cross-hatched bar, Fig. 4B ) as in P cells paired with untreated Retzius cells. We conclude that fixed Retzius cells retained the ability to induce the selective loss of postsynaptic gCation, due to contact between the neurons. Pairs of juxtaposed cells were cultured in the presence of reserpine in order to deplete the Retzius cells of 5-HT. Following 7-10 d incubation in the presence of 1 WM reserpine, the cells retained normal resting potentials and action potential waveforms (not shown). In contrast to untreated Retzius cells, we did not observe connections between these neurons and the P cell, nor did the Retzius cells fluoresce when stained with a 5-HT-specific monoclonal antibody (Fig. 5) , presumably due to depletion of 5-HT. The P cells of these reserpine-treated pairs had a gC1, and a gCation, similar to that of untreated pairs (lower stippled bars, Fig. 4) . Thus, the depletion of presynaptic transmitter failed to prevent the reduction of gCation, Discussion Upon innervation of a P cell by a Retzius cell in culture, application of 5-HT resulted in a reduced gC1,. This has been accounted for as the result of a high density of synaptic receptors and a synaptic diffusional barrier to applied 5-HT . The lowering of gC1, in the presynaptic Retzius cell indicates that both neurons responded to synapse formation. In contrast to the observations with gCl,, gcation, was lowered selectively in the postsynaptic P cell during reinnervation.
Taken together, the results with P cells incubated in 5-HT or paired with 5-HT-depleted or with fixed Retzius cells demonstrated that contact (rather than secretion) was responsible for the reduction of gcation, in the P cell. Effects ofjixed Retzius cells Single P cells plated near (1 O-50 pm away from) but not in
The detailed information obtained from studies of ACh recontact with Retzius cells had normal magnitudes of both gC1, ceptor clustering at the neuromuscular junction offers an interad gCation,, even when a second P cell contacted the Retzius cell and had a reduced gCation, (not shown). This suggests that intimate contact between the cells was required for the loss of gCation, rather than the secretion of a factor other than transmitter. In order to demonstrate this directly, we examined the effects of pairing (untreated) P cells with aldehyde-fixed Retzius cells since the latter would be incapable of secreting.
In preliminary experiments, P cells were paired with Retzius cells that had been fixed using the same concentration of aldehydes as in our previous study of membrane recycling during exocytosis at the Retzius-P cell synapse in culture (Kuffler et al., 1987; see Materials and Methods) . The fixed Retzius cells adhered less well than did untreated neurons to the P cells during plating. Furthermore, both gC1, and gCation, were greatly reduced in the P cells &Cl,: 2.9 -I-5.0 nS, n = 7; gCation,: 0.1 ? 0.5 nS, n = 8). These observations rule out a role for secretion of a factor (other than transmitter) by the Retzius cell since otherwise the fixed Retzius cells should have been ineffective. However, the poor adhesion of the Retzius cells and the nonselective loss of both responses to 5-HT suggest an effect of the fixative on the Retzius cell surface at high aldehyde concentrations. We therefore tested the effects of Retzius cells fixed in dilute aldehyde solutions.
At a loo-fold dilution of the fixative concentration, the Retzius cells were killed but were not fixed since the cells decomposed after a few days in culture. Following fixation at lo-or 30-fold dilutions of the fixative (pooled data), the Retzius cells lacked resting and action potentials and failed to retract the initial axon segment retained following dissection, contrary to what is observed with untreated cells after being plated overnight (Dietzel et al., 1986) . In addition, these Retzius cells adhered properly to the P cells. In contrast to the Retzius cells, the paired (untreated) P cells retained normal resting and action potentials (not shown), demonstrating that the fixative had been effectively removed from the Retzius cells. We therefore tested the effects of Retzius cells fixed at these lower aldehyde concentrations on the responses to 5-HT in the P cells to which they were coupled. the appearance of neuron-associated receptor patches in the and muscle cells in culture, Cohen et al. (1987) determined that muscle cells and saw synaptic vesicle antigen patches in the it is at the sites of contact between the cells that the first signs neurons. Although both trophic factors and cell contact have A 6
(34)
.
-. been implicated in ACh receptor clustering, the latter is more critical during development (Bloch and Pumplin, 1988) .
The selective loss of gCation, in the postsynaptic P cell suggests a cell-specific effect of neuronal contact. Since cultured leech neurons lack an extracellular matrix (Kuffler et al., 1987) this would rule out the role of extracellular components of the type thought to be critical during regeneration of the neuromuscular junction (Godfrey et al., 1984) . The loss of gCation, in the P cell must therefore be mediated by a surface molecule in the Retzius cell, perhaps of the type believed to play an important role during the development of the nervous system (Schachner et al., 1983; Dodd and Jessell, 1986) .
Surface molecules have generally been thought to mediate adhesive interactions during CNS development (Purves and Lichtman, 1985) . All types of cultured leech neurons, in our experience, adhere not only to their targets but also to neurons they do not innervate. This is seen upon trying to remove a microelectrode from an impaled neuron, which is all too easily lifted off the dish along with its (unimpaled) partner, be it a target or not. Therefore, although adhesion is necessary for synapse formation, it appears to be insufficient for the recognition of targets. Other (perhaps subsequent) steps are required for neuronal recognition, an example of which is the contact-induced selection of transmitter receptor subtypes described in this report.
If a similar process underlies the selection of responses during synapse formation between Retzius and P cells in v&o, the loss of the countereffective (excitatory) response may be necessary before a functional (inhibitory) synapse can be formed. In cultures of nodose ganglion neurons from embryonic rats, nonneuronal satellite cells induce the loss of the neuronal response to ACh and prevent synapse formation (Cooper, 1984) . A similar loss of receptors is thought to occur during the development of this ganglion in vivo (Cooper and Lau, 1987) . The inductive redistribution of transmitter receptors at critical sites in target neurons with multiple receptor subtypes may therefore be an important step during the development of the nervous system. Since competition for synapse formation is important during development (Purves and Lichtman, 1985) the early clearing of countereffective postsynaptic receptors at sites of contact would ensure that newly formed synapses are immediately effective by permitting the activation of only the correct receptors.
Interestingly, the opposite phenomenon has also been observed in cultured neurons: embryonic chick spinal cord motor neurons only express a second type of glutamate receptor when cocultured with their presynaptic interneurons (O'Brien and Fischbach, 1986) . Therefore, both the loss and induction of receptor subtypes may be important during neural development.
The responses to 5-HT in P cells are processed in parallel, being linked to the opening of distinct ionic channels mediated by separate second-messenger pathways coupled to the activation of different receptor subtypes (Drapeau and Sanchez-Armass, 1989) . Thus, gC1, is dependent on cyclic AMP and protein kinase A and is insensitive to mammalian 5-HT receptor agonists and antagonists. In contrast, gCation, has the pharmacological properties of 5-HT, receptors (e.g., selectively blocked by ketanserin) and is apparently mimicked by phorbol esters which activate protein kinase C. It will be of interest to determine the extent to which the loss of gCation, is related to the loss of specific receptors, intracellular mediators, and numbers or activity of ionic channels. This model culture preparation should permit a more detailed characterization of the interactions underlying neuronal recognition during synaptogenesis.
